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We report the measurement of the natural isotope ratios of nitrogen and carbon in subcellular
volumes of individual cells among a population of cultured cells using a multi-isotope imaging
mass spectrometer (MIMS), [MIMS is the prototype of the NanoSIMS 50, Cameca, France.] We
also measured the nitrogen and carbon isotope ratio in cells after they had been cultured in
media enriched with the amino acid glycine labeled with either 13C or 15N. The results
demonstrate that 13C/12C and 15N/14N isotope ratios can be measured directly on a subcellular
scale. This opens the way for the use of stable isotopes, in particular 15N, as labels to measure
the intracellular turnover of biomolecules. Such a capability should help resolve a wide range
of biomedical problems. (J Am Soc Mass Spectrom 2004, 15, 478–485) © 2004 American
Society for Mass SpectrometryThe fundamental discovery that proteins in biolog-ical tissues are turning over was made using acustom-built mass spectrometer to measure the
incorporation of 15N-labeled amino acids in proteins of
mouse organs [1, 2]. Despite the importance of the
balance of protein synthesis and degradation for life,
these seminal studies could not be extended to the
cellular or subcellular scale due to the lack of suitable
methodology. Autoradiography of radioactive labels
cannot provide quantitative information on protein
turnover in cellular organelles. The protein turnover of
cellular organelles could be studied if it were possible to
measure the enrichment of isotope labels, particularly
the stable isotope 15N, in subcellular volumes.
Images of the distribution of 15N and other isotopes
have been provided by secondary ion mass spectro-
metry [3–14]. Although nitrogen alone does not pro-
duce a secondary ion, the secondary cyanide ion, CN,
primarily released from protein-rich regions of biolog-
ical tissue, provides anatomically recognizable images.
Quantitation of isotope ratios in secondary ion mass
spectrometry of biological tissue, however, has been
problematic. The evaluation of enrichment in 15N is
based upon the measure of its increase above its natu-
ral, terrestrial abundance, calculated from the 15N/14N
isotope ratios. Because it is necessary to measure nitro-
gen from the secondary ion CN, the mass resolution
must be sufficient to allow the separation of the mass 27
isobars, 12C15N and 13C14N. Hindie et al. [15] have
reported in elegant experiments the measure of 12C15N/
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tios in cultured cells using a CAMECA IMS 3F. The
12C15N/12C14N isotope ratio has also been measured in
pollen grains [16]. In both cases, however, the data had
to be acquired one mass at a time.
Using time-of-flight secondary ion mass spectro-
metry (TOF-SIMS) in a study of N assimilation by soil
microbes, the value of the 12C15N ion current was
calculated indirectly from the 12C14N ion current, the
whole mass 27 ion current (composed of the 12C15N,
13C14N, and 12C14N1H ions), and the terrestrial (nat-
ural) value of the 13C/12C isotope ratio [17].
A new type of secondary ion mass spectrometer,
equipped with the dual capabilities of simultaneously
measuring several ion masses and imaging at high
resolution, has recently been developed [18]. With this
multi-isotope imaging mass spectrometer (MIMS), [the
MIMS instrument used in these studies is the prototype
of the NanoSIMS 50, Cameca, France], the intensity
currents for several secondary ions can be obtained
simultaneously, so that small changes in instrumental
or sample conditions do not lead to errors in the isotope
ratios. The mass resolution for secondary ions is ex-
tremely high, making it easy to distinguish the ion
12C15N from its isobars 13C14N and 12C14N1H.
MIMS therefore makes it feasible to use 15N as a
molecular marker for identifying and measuring the
turnover of nitrogen-labeled molecules in subcellular
domains.
Here, we report the use of MIMS to measure—in
parallel—the 12C, 13C, 12C14N, and 12C15N ion
currents in subcellular volumes of cells that had been
cultured in normal medium or in media supplemented
with the amino acid glycine labeled with either 13C or
15N. The results demonstrate that, for the first time,r Inc. Received March 20, 2003
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measured at a subcellular scale. The capability of this
new generation of instruments to directly measure
stable isotope ratios lends itself to a wide range of
applications in biomedical research. In addition, since
stable isotopes can be used as tracers, there are essen-
tially no side effects on the investigated organism. This
opens the door to the application of this technology in
clinical studies.
Materials and Methods
Cell Culture and Labeling
Overall, the methods for cell preparation followed the
procedure described by Lechene et al. for culturing cells
on silicon chips and for freeze drying under conditions
that avoid the redistribution or loss of diffusible mole-
cules [19–21]. In parallel, batches of cells grown on
silicon chips were prepared for MIMS experiments by
chemical fixation [22, 23]
Trypsinized rat embryo fibroblast cells (REF 52) were
resuspended in 35-mm Petri dishes with 2 ml DME/F12
 10% FBS. Each dish contained a 5-mm  5-mm Si
chip, to which cells readily attached (Montco Silicon
Technologies, Inc., Spring City, PA; cut to size at
Microsystems Technology Laboratories, MIT, Cam-
bridge, MA). The cells were then grown to 80% conflu-
ence, and the chips with the attached cells were trans-
ferred to dishes with fresh, prewarmed media
supplemented with 1 mM of either 13C glycine (99%) or
15N glycine (98%) (Cambridge Isotope Laboratories Inc.,
Andover, MA). No glycine was added to the control
medium (DME/F12  10% FBS). The growth media
were replenished every other day. After six days of
labeling, the Si chips with the attached cells were split
into two groups and treated according to the two
following protocols.
Freeze-Drying
Silicon chips with attached cells were quickly washed in
stirred distilled water (4 °C) and then quenched in
liquid nitrogen [24]. The samples were kept in liquid
nitrogen at 196 °C until they could be transferred to a
custom-built freeze dryer pre-cooled to 80 °C to pre-
vent remodelling of water crystals in the cells. The cells
were freeze-dried over a 10-h cooling cycle in a 4.0 
107 torr vacuum. The samples were then stored in a
standard desiccator cabinet under a vacuum of 10 3
torr at 50 °C until they were transferred to the MIMS.
Chemical Fixation of Cells
Silicon chips with attached cells were transferred to
35-mm Petri dishes with 1 ml of prewarmed growth
medium. A volume of 1 ml fixative (2.5% formalde-
hyde, 5% glutaraldehyde, 0.06% picric acid, 1M caco-
dylate buffer, pH 7.4, 0.06% CaCl ) was added, and the2cells were incubated at room temperature for 30 min-
utes. The fixative was then aspirated, and the cells were
washed four times in PBS. The fixed cells were dried in
a standard desiccator cabinet under a vacuum of 103
torr (50 °C) and kept there until they were transferred to
the MIMS.
Mass Spectrometric Determination of Isotope
Ratios
Isotope ratios were determined with a multi-isotope
imaging mass spectrometer (MIMS). [MIMS is the pro-
totype of the NanoSims50, Cameca, France.] The main
components of the instrument are shown in Figure 1.
They include the following: The primary column (PC),
with a cesium primary ion source (IS) to enhance the
yield of negative secondary ions; the objective column
(OC), where the same ion optic is used in a coaxial
manner to focus the primary beam on the sample and to
collect secondary ions; the secondary column (SC) and
hexapole (HX), where the secondary ion beam is shaped
to match the acceptance of the spectrometer; and the
dual-focusing mass spectrometer, a combination of an
electrostatic (EP) and a magnetic (MP) sector, which
focuses the secondary ions as narrow lines in the focal
plane (FP) of the magnet. The transmission at high mass
resolution is improved by correcting the main second-
order aperture aberrations as well as by focusing the
secondary ion beam in the vertical dimension. Four
detectors (MD) can be moved independently along the
focal plane to select four masses for detection. Each
detector itself consists of a pair of deflection plates (DP)
followed by a selection slit (SS) and a miniature electron
multiplier (EM). Tuning of the deflection plates, which
permits further scanning of the selected small region of
the spectrum, greatly improves the final mass selectiv-
ity. This instrument provides both parallel detection
and high mass resolution with little sacrifice in second-
ary ion transmission from sample to detector. For
example, for the 12C14N secondary ion, transmission is
at least 70%, while the mass resolution (m/m) is 1 in
104.
The primary cesium ion beam current for the differ-
ent experiments varied from 36–40 nA; the energy of
the primary beam was 15 keV. Measurements were
made using a static beam slightly defocused to a spot of
2 m at the object plane. For typical experiments,
Detector 1 was tuned to 12.000 m/z for 12C, Detector 2
to 13.0034 m/z for 13C, Detector 3 to 26.0031 m/z for
12C14N, and Detector 4 to 27.000 m/z for the isobars
12C15N and 13C14N. 12C15N (27.0001 m/z) and
13C14N (27.0064 m/z) were resolved using the deflec-
tion plates of the detector.
The cells were selected in the analysis chamber of
MIMS using a photomicroscope with an attached CCD
camera. Five to ten cells were measured for each data
set.
The secondary ion counts for each cell area were
electi
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an initial 6-s equilibration. Isotope ratios were deter-
mined directly from the secondary ion current. The
15N/14N isotope ratios were obtained by dividing the
counts for 12C15N by the simultaneously recorded
counts for 12C14N. The 13C/12C isotope ratios were
obtained by two methods: By dividing the counts of
13C14N by the simultaneously recorded counts of
12C14N, and by dividing the counts for 13C by the
simultaneously recorded counts for 12C. The precision
of these ratios is essentially a function of the secondary
ion currents for 12C15N, 13C14N, or 13C, which were
all considerably larger than 1000 s1 (3% precision).
Data analysis was performed with an SGI O2 worksta-
tion using Prophet statistical software (NCRR, NIH).
Results
High Mass Resolution Scans
The atomic mass spectra obtained after tuning the
instrument on a rat fibroblast cell for the mono-, di- and
tri-atomic secondary ions listed in Table 1 are shown in
Figure 2. They were acquired by scanning a small
region of the mass spectrum across the entrance slit of
the detectors, using a potential applied to the deflection
plates. The mass lines are sufficiently narrow, with
mass resolutions that allow us to discriminate between
Figure 1. Schematics of the CAMECA NanoSIM
IS: Cesium primary ion source. PC: Primary col
HX: Hexapole electron lens. EP: Electrostatic
Multi-detection unit. DP: Deflection plate. SS: Sisobars, such as 13C and 12C1H (Figure 2b), 12C14N
and [13C]2
 (Figure 2c), and 12C15N, 13C14N,
12C14N1H and [13C]2
1H (Figure 2d). It should be noted
that the width of the mass selection slit is larger than the
mass line being selected. As a consequence, the mass
line appears in the recording as a peak with a flat top
(Figure 2a). Two adjacent lines may be completely
separated and appear in the recording with no valley
between their flat peaks (Figure 2a–2c). [Slodzian, G.,
personal communication.]
For the actual analysis of isotope ratios, the potential
of the deflector plates was set at the appropriate values
for the desired secondary ions, eliminating any spill-
over from neighboring mass peaks.
lti-isotope Imaging Mass Spectrometer (MIMS).
OC: Objective column. SC: Secondary column.
r. MP: Magnetic sector. FP: Focal plane. MD:
on slit. EM: Electron multiplier.
Table 1. Isobars
Ion a.m.u. M/M
13C 13.0034
295612C1H 13.0078
12C14N 26.0031
7224
[13C]2 26.0067
12C15N 27.0001
428713C14N 27.0064
12C14N1H 27.0109
7504
[13C]2
1H 27.0145S Mu
umn.
secto
cts b
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Control isotope ratios (Figure 3). The control 15N/14N
isotope ratios were calculated from the secondary ion
Figure 2. High Resolution Mass Spectra. Resolv
positioned at the focal points for the masses (a) 1
Varying the potential of the deflector plates selecurrents of 12C15N and 12C14N from cells that had not
been supplemented with 15N-glycine. The mean
12C15N/12C14N isotope ratio calculated for freeze-
dried cells is 0.356% 0.009% s.e.m. (n 16). The mean
ower of the NanoSIMS. The detectors T1–T4 are
.u., (b) 13 a.m.u., (c) 26 a.m.u., and (d) 27 a.m.u.
etween different isobaric ions.ing p
2 a.m
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cally fixed cells is 0.372%  0.003% s.e.m. (n  23).
These values are not significantly different from the
value of the terrestrial ratio of 15N/14N (0.368%).
The control 13C/12C isotope ratios were calculated
from the secondary ion currents for 12C, 13C,
12C14N, and 13C14N from cells that had not received
any supplementary 13C-glycine. The mean 13C14N/
12C14N isotope ratio calculated for freeze-dried cells is
1.092%  0.017% s.e.m. (n  15). This value is not
Figure 3. Isotope ratios for control cells. Plotted are the means
and the standard errors of the means for the isotope ratios of
nitrogen, determined as cyanide ions, and for carbon, determined
as cyanide and as carbon ions. The values are given as the ratio of
the isotope ion counts  100%.
Figure 4. Isotope ratios for cells isotopically labeled with 15N or
13C. Cells were labeled with 15N-glycine (Column Pair 1) or
13C-glycine (Column Pairs 2 and 3). Plotted are the means and the
standard errors of means for the isotope ratios of nitrogen in the
case of the15N-glycine labeled cells, determined as cyanide ions,
and for the isotope ratios of carbon in the case of the13C-glycine
labeled cells, determined as cyanide ions and as carbon ions. The
values are given as the ratio of the isotope ion counts  100%.significantly different from either the value of the
natural abundance ratio for 13C/12C (1.119%) or from
the 13C/12C ratio calculated from the 13C and 12C
secondary ion currents, with a mean of 1.071% 
0.007% s.e.m. (n  29). The mean 13C/12C isotope
ratio calculated for fixed cells is 1.133  0.015 s.e.m. (n
 40). This value is not significantly different from the
value of the terrestrial ratio for 13C/12C (1.119%) or
from the 13C/12C ratio calculated from the 13C14N and
12C14N measurements with a mean  1.159% 
0.005% s.e.m. (n  10).
Experimental isotope ratios (Figure 4). The experimental
13C/12C isotope ratios were calculated from the second-
ary ion currents for 12C, 13C, 12C14N, and 13C14N
from cells that had received supplementary 13C-glycine.
The mean experimental 13C14N/12C14N isotope ratio
calculated for freeze-dried cells was 1.399%  0.028%
s.e.m. (n  8). This value is equivalent to the value of
the 13C/12C isotope ratio calculated from the 13C and
12C measurements (mean  1.385%  0.014% s.e.m. [n
 15]). These values are highly significantly different (p
 0.0001) from the value of the natural abundance ratio
for 13C/12C (1.119%).
The mean of the experimental 13C14N/12C14N iso-
tope ratio calculated for fixed cells is 1.586%  0.054%
s.e.m. (n 7). This value is highly significantly different
(p  0.0001) from the value of the 13C/12C isotope ratio
calculated from the 13C and 12C secondary ion cur-
rents, which has a mean  1.326%  0.015% s.e.m. (n 
11). Both values are highly significantly different from
the natural abundance ratio for 13C/12C of 1.119% (p 
0.0001).
The experimental 15N/14N isotope ratios were calcu-
lated from the secondary ion currents of 12C15N and
12C14N from cells that had been supplemented with
15N-glycine. The mean experimental 12C15N/12C14N
isotope ratio calculated for freeze-dried cells is 2.308%
 0.297% s.e.m. (n  6). The mean experimental
12C15N/12C14N isotope ratio calculated for fixed cells
is 2.419%  0.081% s.e.m. (n  10). These values are
highly significantly different from the terrestrial 15N/
14N ratio (0.368%).
Secondary Ion Currents
The secondary ion currents were measured in parallel
for the 12C, 13C, 12C14N, and 12C15N or 13C14N
ions from both fixed and freeze-dried cells. The values
for secondary ion currents for 12C and 12C14N are
presented in Figure 5. The values (counts per second) of
12C for fixed cells are: Median  7807, mean  8449 
1089 s.e.m. (n  20); for freeze-dried cells, the values
are: Median  21881, mean  32819  7235 s.e.m. (n 
10). The difference in 12C secondary ion current be-
tween fixed cells and freeze-dried cells is highly signif-
icant (p  0.0001). The values (counts per second) of
12C14N for fixed cells are: Median  46037, mean 
52529  6125 s.e.m. (n  20); for freeze-dried cells, the
483J Am Soc Mass Spectrom 2004, 15, 478–485 C AND N ISOTOPE RATIOS IN CELLSvalues are: Median  55004, mean  68779  17060
s.e.m. (n  10). Strikingly, there is no statistical differ-
ence between 12C14N secondary ion currents mea-
sured from fixed or freeze-dried cells (p  0.75).
Similar results were obtained for 13C and 12C15N
secondary ion currents. The values (counts per second)
of 13C for fixed cells are: Median  83, mean  91 
11 s.e.m. (n  20); for freeze-dried cells, the values are:
Median  256, mean  357  77 s.e.m. (n  10). Again,
the difference in 13C secondary ion current between
fixed cells and freeze-dried cells is highly significant (p
 0.0001). In the case of 12C15N the values (counts per
second) for fixed cells are: Median 171, mean 193
23 s.e.m. (n  20); for freeze-dried cells, the values are:
Median  212, mean  271  74 s.e.m. (n  10). In
contrast to the results for 13C, there is no statistical
difference between 12C15N secondary ion currents
measured from fixed or freeze-dried cells (p  0.78).
Discussion
We simultaneously measured the isotope ratios of 13C/
12C and 15N/14N for subcellular sample volumes of
cultured fibroblasts. Overall, the values determined in
this study for unlabeled cells are essentially identical to
the published natural abundances of these isotope ra-
tios, thus demonstrating the suitability of multi-isotope
imaging mass spectrometry for such measurements.
In the second phase of this study, we measured
increased isotope ratios after labeling cultured cells
with 13C- or 15N-glycine. Incubation of the cells with
isotopically labeled glycine for six days was expected to
lead to a significant incorporation of the label into
newly synthesized protein, together with a high turn-
over pool of the label in the form of free amino acids,
charged aminoacyl tRNAs and other metabolic prod-
ucts. In practice, nitrogen-containing compounds other
Figure 5. Secondary ion yield. Secondary ion count rates for
freeze-dried and fixed cells. Shown are the means and the stan-
dard errors of the means for 12C and 12C14N secondary ions
from control cells.than protein in whole tissue or cells are quantitatively
negligible, since protein is typically about 20% of tissue
wet weight, while nucleic acids (primarily ribosomal
RNAs) are less than 2% of wet weight [25].
Nitrogen does not have a radioactive isotope with a
half-life long enough to be used as a tracer in biological
experiments. Yet the ability to label bio-organic mole-
cules, particularly proteins or nucleotides, and to follow
their intracellular turnover would be of great interest to
biological and medical research. MIMS allows us to
measure the ratios of stable isotopes of nitrogen, in
addition to the determination of non-radioactive carbon
isotope ratios. While nitrogen itself is not emitted as an
anion due to its low electron affinity, cyanide ions
(CN) have a high electron affinity (3.82 eV) and are
generated with a high yield from biological samples if
they are exposed to a bombardment by a cesium ion
beam [15, 18].
The necessity of detecting nitrogen as the diatomic
CN ion, however, gives rise to additional complica-
tions. Since carbon also occurs in the form of two stable
isotopes (12C and 13C), two possible cyanide ions with a
nominal mass of 27 m/z can be formed: 13C14N and
12C15N. Since the masses of these two ions differ by
only one part in 4272, very high mass resolution is
required to use 15N as an exogenous label to be detected
as 12C15N ions. MIMS easily provides such a mass
resolution, while maintaining a high transmission coef-
ficient for secondary ions throughout the ion optical
system from the sample to the detector (	70%).
Determining intracellular isotope ratios of nitrogen
requires measuring the count rates of two secondary
ions in parallel from the same sample volume under the
same conditions. Single channel SIMS has been limited
to the evaluation of one secondary ion count rate at a
time, thus introducing potential sources of errors in the
ratio determination due to the possibility of sample
drift, sample degradation under the primary ion beam,
or slight changes in instrumental conditions. On the
other hand, current TOF-SIMS instruments have neither
the necessary mass resolution to discriminate between
isobars [8] nor the spatial resolution. These difficulties,
however, are resolved by MIMS, which permits the
parallel detection of mass 26 simultaneously with mass
27, providing multiple secondary ion measurements
from the same sputtered microscopic volume. In addi-
tion, mass 13 and mass 12 counts can be acquired
together with mass 26 and mass 27 counts, thus allow-
ing for the simultaneous analysis of the turnover of
molecules labeled with 13C and with 15N.
The yields of each ion species vary widely among
control cells. Among the parameters that likely will
influence the secondary ion yield are: The size of the
primary ion beam, the amount and density of the
cellular material under the primary ion beam, matrix
effect, and the relief of the surface attacked by the
primary ion beam. It is reasonable to assume, however,
that the pairs of isotopes (12C and 13C, as well as 12C14N
and 12C15N) will be influenced by these conditions to
484 PETERANDERL AND LECHENE J Am Soc Mass Spectrom 2004, 15, 478–485the same fraction, respectively. Therefore, the variation
will “cancel out” in the ratios, which gives the istope
ratio method all its value for the measure of turnover.
Thus, the value of the nitrogen or carbon isotope ratios
will be relatively independent of the parameters influ-
encing the individual ion yields. The variation of the
isotope ratios is small compared with the variability of
the counts. The coefficients of variation range from 3 to
13% for the isotope ratio values, compared with a range
of values from 52 to 87% for the secondary ion currents
of control cells. This variability most likely reflects local
differences at the cellular level and among samples due
to growth conditions, the metabolic state of the cells at
the time of preparation, and the sample preparation
method used.
Two observations underline the precision and accu-
racy of the instrument used in this study for the
determination of isotope ratios of biological samples:
First, the fractional increases above the natural abun-
dance values of the 15N/14N and 13C/12C isotope ratios
are equivalent when normalized for the relative differ-
ence in natural abundance of the isotopes and for the
relative amounts of carbon and nitrogen in biological
samples. The natural abundance of 13C is 1.107% of the
total carbon, and the natural abundance of 15N is
0.3663% of the total nitrogen. Biological tissues are
composed of 61.7% carbon and 11.0% nitrogen [26].
Thus, in biological tissues, the 13C background is 16.9-
fold larger than the 15N background. If one considers
the freeze-dried cells, the increase in 15N isotope ratio
above the natural occurrence is (2.308%–0.3676%)/
0.3676%  5.28. All conditions being the same, the
equivalent increase in 13C ratio above natural abun-
dance would be 0.312. The increase that we measured in
freeze-dried cells is (1.399%–1.119%)/1.119%  0.25, in
good agreement with the expected value.
Second, the 12C15N/12C14N isotope ratios measured
in control cells and in cells that had been supplemented
with 13C-glycine were equivalent to the terrestrial 15N/
14N ratio. Similarly, the 13C14N/12C14N isotope ratios
measured in cells that had been fed with 15N-glycine
were equivalent to the terrestrial 13C/12C ratio. These
results indicate that there was no spillover of the
13C14N signal into the 12C15N signal and vice-versa,
emphasizing the mass resolution that can be achieved
by MIMS.
The differences in isotope ratios between freeze-
dried and fixed cells that had received labeled glycine
were to be expected because the cell densities—and
therefore the growth stage and the metabolic activity of
the cells (particularly for protein synthesis)—were dif-
ferent among culture dishes. In addition, the dose of
isotope-labeled glycine may have been slightly different
among the cultured cell populations.
Alternatively, a systematic difference might have
been introduced during the sample preparation step. A
lower count rate from fixed cells compared with freeze-
dried cells may be due to a stabilization of the bio-mass
of the cells, lowering the secondary ion yield as a resultof chemical cross-linking. Also, the wash steps during
the fixation process may selectively elute low molecular
weight components of the cells, such as sugars and
lipids, as well as unincorporated glycine. This may also
explain the large difference in 12C yield between freeze-
dried and fixed samples, despite the lack of statistical
difference between the 12C14N counts. For MIMS stud-
ies that will focus on small molecules or ions that may
be lost during the fixation process, a freezing-based
protocol has a clear advantage.
In conclusion, carbon and nitrogen isotope ratios can
now be measured in subcellular volumes at natural
abundance as well as at enrichment levels that are easily
achievable in vitro and in situ. This necessary step
allows the measure of the molecular turnover of bi-
omolecules labeled with stable isotopes in subcellular
compartments for the first time.
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